The effect of low substrate concentrations on the metabolic pathway and sulfur isotope fractionation during sulfate reduction was investigated for Archaeoglobus fulgidus strain Z. This archaeon was grown in a chemostat with sulfate concentrations between 0.3 mM and 14 mM at 80°C and with lactate as the limiting substrate. During sulfate reduction, lactate was oxidized to acetate, formate, and CO 2 . This is the first time that the production of formate has been reported for A. fulgidus. The stoichiometry of the catabolic reaction was strongly dependent on the sulfate concentration. At concentrations of more than 300 M, 1 mol of sulfate was reduced during the consumption of 1 mol of lactate, whereas only 0.6 mol of sulfate was consumed per mol of lactate oxidized at a sulfate concentration of 300 M. Furthermore, at low sulfate concentrations acetate was the main carbon product, in contrast to the CO 2 produced at high concentrations. We suggest different pathways for lactate oxidation by A. fulgidus at high and low sulfate concentrations. At about 300 M sulfate both the growth yield and the isotope fractionation were limited by sulfate, whereas the sulfate reduction rate was not limited by sulfate. We suggest that the cell channels more energy for sulfate uptake at sulfate concentrations below 300 to 400 M than it does at higher concentrations. This could explain the shift in the metabolic pathway and the reduced growth yield and isotope fractionation at low sulfate levels.
The first life on Earth originated more than 3.8 billion years ago (24) , possibly in high-temperature hydrothermal vent environments (31) . Sulfate reduction had evolved by 3.5 billions years ago, as indicated by stable sulfur isotopes (26) . The modern sulfate reducers that are most closely related to ancient sulfate-reducing hypothemophiles may be the species of Archaeoglobus, which is the only genus of sulfate reducers in the Archaea (28, 31) . The stable sulfur isotope record is perhaps the best tool linking the present sulfur cycle with the past. Therefore, a study of the metabolic characteristics of Archaeoglobus spp., together with stable sulfur isotope fractionation studies, may shed light on early life.
Species of the hyperthermophilic genus Archaeoglobus have optimum growth temperatures of 83°C and today are found in various marine and terrestrial hydrothermal areas, including Vulcano, Italy; the Guayamas Basin, Mexico; the mid-Atlantic ridge; hot oil field water; and hot springs of Yellowstone National Park in the United States (23, 28, 32) . Three sulfatereducing Archaeoglobus species have been isolated, A. fulgidus, A. profundus, and A. lithotrophicus, whereas A. veneficus reduces only thiosulfate and sulfite (13) . The best-studied sulfate-reducing Archaeoglobus is A. fulgidus strain VC-16, whose complete genome sequence is known (18) . This strain oxidizes lactate completely to CO 2 during sulfate reduction. It can also use pyruvate, formate, and oxaloacetate but not acetate as an electron donor. A. fulgidus grows chemoautotophically on H 2 and CO 2 with sulfate or thiosulfate as an electron acceptor (13, 28) . In contrast to strain VC-16, lactate is oxidized incompletely to acetate by A. fulgidus strain Z (32) . The complete oxidation of 1 mol lactate to 3 mol CO 2 by A. fulgidus strain VC-16 goes through acetyl coenzyme A (acetyl-CoA) and the C 1 -CO dehydrogenase pathway, whereas the reaction pathway for incomplete oxidation by A. fulgidus strain Z is unknown (21, 32) . In the complete absence of sulfate some sulfate reducers can ferment, but strains of Archaeglobus cannot. Instead, they can use thiosulfate and sulfite as electron acceptors (13) .
Depending on the environment, natural populations of sulfate reducers may be limited in their energy metabolism by either electron donors or sulfate. In modern marine environments the sulfate concentration is high, around 28 mM, and the availability of organic substrates is generally the factor that limits sulfate reduction rates (17) . In freshwater environments the sulfate concentrations are typically low, below about 500 M, and sulfate might therefore limit sulfate reduction in these environments (14) . Similar low sulfate concentrations have been inferred for the early archean ocean (11) . The adaptation to low sulfate and electron donor concentrations by Archaeoblobus sp. was the focus of this study.
Microbial sulfate reduction can be identified in sedimentary sulfides deposited throughout Earth's history by measuring the isotope composition of sulfur species. Sulfate-reducing organisms, including Archaeoglobus spp., preferentially reduce 32 Ssulfate compared to 34 S-sulfate and produce sulfide enriched in 32 S by 2 to 42‰, with fractionation of 17 to 26‰ reported for A. fulgidus (4, 8) . Sedimentary sulfides enriched in 32 S are, therefore, considered to have microbial origins. Isotope frac-tionation is reduced as the sulfate concentration is reduced from about 2 mM, and below concentrations around 200 M no fractionation has been observed during sulfate reduction (11, 12) . Why low sulfate concentrations affect isotope fractionation so severely is not well understood.
In this study we grew A. fulgidus strain Z in a chemostat at 80°C under lactate-limited conditions and at sulfate concentrations between 0.3 mM and 14 mM. During our experiments we monitored the stoichiometry of lactate oxidation during sulfate reduction, and our data provide new insights into the incomplete lactate oxidation pathway. Furthermore, we compare the kinetics of sulfate uptake to the extent of isotope fractionation, the growth yield, and the sulfate reduction rate during sulfate reduction by A. fulgidus strain Z.
MATERIALS AND METHODS
Bacterial strain. We used a culture of A. fulgidus kindly donated by Karl O. Stetter, University of Regensburg, Germany, which is also available as strain Z, DSMZ 4139, from the Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany (http://www.dsmz.de).
Culture medium. . The chemostat was placed on a heating plate with magnetic stirring connected to a thermostat (IKA Labortechnik) that maintained the temperature of the culture at 80 Ϯ 1°C. The pH was controlled with a pH-stat (JENCO) connected to a pH electrode (Metler-Toledo model 405-DPAS-SC-K8S/120) and was kept at 7.0 Ϯ 0.1 by titration with 0.5 N HCl. The headspace of the chemostat was gassed with N 2 -CO 2 (80:20) at a flow rate of 20 ml min Ϫ1 to keep the culture anoxic. Lactate was the only electron donor, and it was supplied in limiting amounts. Excess sulfate was present, and the concentrations in the reactor were between 0.3 mM and 15 mM. Each experiment was performed until a steady state was reached, which was generally after four total volume turnovers.
Samples were withdrawn from a sample port in the lid to measure the following: (i) concentrations and ␦ 34 S values of sulfate, (ii) concentrations of lactate, acetate, formate, and (iii) cell numbers. For the sulfate concentration measurements 1 ml of sample was fixed in 1 ml of 20% zinc acetate (ZnAc) to prevent further cell metabolism and to fix sulfide as zinc sulfide (ZnS). For isotope analysis of sulfate sulfur, between 20 ml and 100 ml of sample (depending on the sulfate concentration) was fixed in 10 ml of 20% ZnAc and stored frozen until further analysis. For fatty acid analyses, samples were filter sterilized through 0.22-m filters and stored frozen. For cell counting, 0.9 ml of a sample was fixed in 0.1 ml of glutaraldehyde (20%).
The sulfide produced during sulfate reduction was carried from the chemostat with the N 2 -CO 2 purge gas and trapped in 60 ml of 2% ZnAc. The gas traps were changed periodically (every 0.5 to 3 days) and used to measure the concentration and ␦ 34 S of sulfide. Analytical procedure. Cell numbers were determined using a phase-contrast microscope equipped with a UV lamp (Leica) and a Neubauer grid (0.0025 mm 2 by 0.1 mm) after staining with 4Ј,6Ј-diamidino-2-phenylindole (DAPI) (standard deviation [SD], Ϯ5%).
The sulfate concentration was measured with a Dionex autosuppressed ion chromatograph equipped with a conductivity detector (Column Ionpac AS4S-SC 4 mm; SD, Ϯ1%). The carrier was 1.5 mM HCO 3 Ϫ -CO 3 2Ϫ , and the flow rate was 2 ml min Ϫ1 . Sulfide was measured spectrophotometrically at 670 nm by the methylene blue method (SD, Ϯ1%) (5). Fatty acids were analyzed with an autosuppressed ion chromatograph (SYKAM) by using an Aminex HPX-87H column (300 by 7.8 mm; Bio-Rad catalog no. 125-0140) and UV detection at 210 nm. The carrier was 5 mM sulfuric acid, and the flow rate was 0.6 ml min Ϫ1 (SD, Ϯ1%). The detection limits for lactate, formate, and acetate were 10 M, 20 M, and 50 M, respectively.
Sulfur isotope compositions were determined with BaSO 4 and Ag 2 S. Barium sulfate was precipitated from the chemostat solution after addition of 1 M BaCl 2 at about pH 4. Sulfide was converted to Ag 2 S after filtration of ZnS from the sulfide traps, distillation of the ZnS with 6 N HCl, and collection of the H 2 S gas produced as Ag 2 S in a 0.1 M AgNO 3 trap. Dry BaSO 4 (300 g to 400 g) or Ag 2 S (200 g to 300 g) was weighed in tin cups containing a 10-fold excess of V 2 O 5 . Sulfur isotope compositions were determined at the Center for Environmental Research Leipzig-Halle, Halle/Saale, Germany, by using SO 2 gas produced from the combustion of either BaSO 4 or Ag 2 S in a Carlo Erba elemental analyzer connected to a gas source mass spectrometer. The data are reported below as per mille differences relative to the Vienna Canyon Diablo troilite standard (SD, Ϯ0.5‰).
Consumption rate. As A. fulgidus was grown in a continues culture, the rates of consumption (q) (mol time Ϫ1 ) of sulfate and lactate during sulfate reduction and the rates of production (p) of acetate and formate were calculated as follows:
where S in is the concentration of the substrate (lactate or sulfate) entering the reactor, S out is the concentration of the substrate leaving the reactor, P in is the concentration of the product (acetate or formate) entering the reactor, P out is the concentration of the product (acetate or formate) leaving the reactor, D is the dilution rate (time Ϫ1 ) of the medium in the reactor, and V is the volume (cm 3 ) of the medium in the chemostat (700 cm 3 in this study). The sulfate reduction rate (mol time Ϫ1 ) was also calculated from the rate of sulfide flushed from the chemostat into the ZnAc traps, as follows (data not shown):
where [H 2 S] trap is the concentration of sulfide trapped as ZnS, v is the volume of the trap, and t is the time during which sulfide was flushed into the trap. The volume-based sulfate reduction rate (SRR) (mol cm Ϫ3 time Ϫ1 ) was calculated from the rate of consumption of sulfate (q sulfate ) calculated from equation 1 as follows:
The specific sulfate reduction rate (spSRR) (fmol cell Ϫ1 day Ϫ1 ) was calculated as follows:
where N is the cell number (cells ml Ϫ1 ). We constrained the electron balance by testing if the electrons donated by lactate could account for the electrons accepted by sulfate (eight electrons per sulfate molecule). During lactate oxidation a maximum of 12 electrons per molecule can be donated from the organic matter to sulfate if all of the carbon is oxidized to CO 2 . The maximum was not observed in our experiment as both acetate and formate were formed during incomplete oxidation and 8 of the 12 electrons remained in acetate and 2 remained in formate. Assuming that all lactate carbon is converted to acetate, formate, or CO 2 , this gives the following electron balance:
where q sulfate and q lactate are the rates of consumption of sulfate and lactate, respectively, calculated from equation 1, and p acetate and p formate are the rates of production of acetate and formate calculated from equation 2. Growth yield. The growth yield (Y) expressed the amount of cell material produced during the utilization of 1 mol substrate (lactate or sulfate):
Y ϭ grams (dry weight) of cells formed mole of substrate consumed (
To calculate Y, we assumed that A. fulgidus has a spherical cell diameter of 1 m, a cell density of 1 g cm Ϫ3 , and a cell dry weight of 30% and that 40% of the dry weight is organic carbon. These values yield a cell dry weight fraction of 1.56 ϫ 10 Ϫ13 g cell Ϫ1 and a carbon content of 5. (2), as follows:
RESULTS
Lactate oxidation. The lactate concentration in the culture solution was always below the detection limit for the lactate analysis (Ͻ10 M), which implies that A. fulgidus grew under lactate-limited conditions. Up to 3.6 mM acetate and up to 6.1 mM formate were formed as products. To determine the stoichiometry of carbon metabolism during sulfate reduction with lactate, we calculated the rates of consumption of sulfate and lactate and the rates of production of sulfide, acetate, and formate ( Table 1 ). The stoichiometries were calculated for five different sulfate concentrations (experiments I to V) ranging from 0.3 mM to 14 mM. At each sulfate concentration two to four measurements were taken over a 1-to 8-day period after steady state was established. The dilution rates were 0.288 day Ϫ1 in experiments I, II, and V, 0.624 day Ϫ1 in experiment III, and 0.189 day Ϫ1 in experiment IV. For the mass balance calculation we included only data with at least 80% electron balance ( Table 1 ). The reason for electron imbalance in some cases is not known. It is known that methane can be produced by A. fulgidus during sulfate reduction, which could result in a deficit of electrons in the carbon budget (28) . There was, however, no clear trend in the electron imbalance.
At sulfate concentrations between 0.6 mM and 14 mM (experiments I to IV) the stoichiometry of lactate oxidation during sulfate reduction by A. fulgidus was always the same within the experimental error (Table 2 ). For each 1 mol of lactate oxidized, 1 mol of sulfate was reduced and 0.25 mol of acetate, 1 mol of sulfide, and 1 mol of formate were produced. At a sulfate concentration of 0.3 mM (experiment V), the stoichiometry was much different from the stoichiometry for higher sulfate concentrations (Table 2) . Thus, the cells reduced only 0.6 mol of sulfate per mol of lactate oxidized and produced 1.3 mol of acetate, 0.5 mol of formate, and 0.6 mol of sulfide. These results indicate that in A. fulgidus the metabolic pathway changed at low levels of sulfate.
Sulfate reduction rate and growth yield. The volume-based sulfate reduction rates at steady state (last measurement) by A. fulgidus ranged from 0.78 mol · cm Ϫ3 · day Ϫ1 to 2.82 mol · cm Ϫ3 · day Ϫ1 , and the cell-specific rates ranged from 18 fmol · cell Ϫ1 · day Ϫ1 to 36 fmol · cell Ϫ1 · day Ϫ1 (Fig. 1) . The highest specific rates were measured at lower sulfate concentrations. However, lactate limited sulfate reduction at all sulfate concentrations. The growth yield for A. fulgidus was between 0.8 and 4.0 g (dry weight) cells per mol sulfate (Fig. 2A) . The growth yield depended on the sulfate concentration; low growth yields were obtained at low sulfate concentrations, and high growth yields were obtained at high sulfate concentrations. About 3 to 11% of the lactate consumed by A. fulgidus during sulfate reduction was assimilated as carbon into the cell material, and less carbon was incorporated at low sulfate concentrations (Fig. 2B) .
Sulfur isotope fractionation at different sulfate concentrations. The ␦ 34 S of sulfide was depleted by 14‰ to 26‰ compared to sulfate during sulfate reduction by A. fulgidus at 80°C (Fig. 3) . The highest fractionations were measured at high sulfate concentrations (Ͼ2 mM), whereas generally low fractionations were associated with low sulfate concentrations (Յ2 mM). At the lowest sulfate concentration, 0.3 mM, the ␦ 34 S of sulfide was depleted by 17‰ compared to sulfate. There was no relationship between fractionation and the sulfate reduction rate (Fig. 4) , whereas there was a clear correlation between fractionation and sulfate at concentrations below 2 mM (Fig. 3) . This indicates that at concentrations below about 2 mM, sulfate controlled the extent of fractionation, whereas the sulfate reduction rate did not. A. fulgidus strain Z, which was used in this study, was originally isolated from coastal anoxic hydrothermal sediments close to mount Vulcanell on Vulcano Island, Italy (32). This strain was described as an organism that oxidizes lactate incompletely to acetate and CO 2 . This is in contrast to the first strain of A. fulgidus isolated, strain VC-16, which oxidized lactate completely to CO 2 (28) . Studies of the enzymes and coenzymes in A. fulgidus strain VC-16 suggested that the complete oxidation of lactate to 3CO 2 goes through acetyl-CoA and the C 1 -CO dehydrogenase pathway (21) .
Similar to Zellner et al. (32) , we observed incomplete oxidation of lactate to acetate and CO 2 by A. fulgidus strain Z during sulfate reduction, but we observed that formate is an important metabolic product, a new finding. Our stoichiometric analysis for Ն0.6 mM sulfate showed that for each 1 mol of lactate consumed, 1 mol of sulfate was reduced, producing approximately 0.25 mol of acetate, 1 mol of formate, and 1 mol of sulfide. Using batch cultures, Zellner and coworkers (32) observed production of 0.24 mol of acetate and consumption of 0.98 mol of sulfate per mol of lactate oxidized, similar to our observations. However, these workers did not analyze formate and assumed that the remaining carbon from lactate was converted to CO 2 . They therefore suggested that the oxidation of lactate involved two major steps. First, lactate was incompletely oxidized to acetate and CO 2 . Then more than 65% of the acetate was completely oxidized to CO 2 , as follows:
Sum:
The stoichiometries of these reactions, however, do not correspond to our data, which showed that significant amounts of formate were formed (Table 2) . Instead, we suggest that formate is produced together with acetyl-CoA during pyruvate degradation catalyzed by the enzyme pyruvate formate-lyase (PFL) (Fig. 5) . Pyruvate is a wellknown product during lactate degradation, and enterobacteria, lactobacilli, and some clostridia can degrade pyruvate to formate by using PFL under strict anoxic conditions (25) . Genome sequences revealed that genes for PFL enzymes are present in A. fulgidus strain VC-16, and it has therefore been suggested that PFL-like enzymes also are present in Archaeoglobus spp. (18, 25) . The formation of formate during pyruvate degradation could explain the measured stoichiometries in our study.
Another potential source of formate during lactate oxidation is production in the C 1 -CO dehydrogenase pathway. Sulfatereducing bacteria employing the C 1 -CO dehydrogenase pathway can form formate from formyltetrahydropterin during the oxidation of acetyl-CoA (23, 30) . However, A. fulgidus strain VC-16 is known to use a modified C 1 -CO dehydrogenase pathway, which does not produce formate (23) . Furthermore, a 1:1 stoichiometric relationship between lactate and formate, as measured in this study, does not result if formate is produced during the oxidation of acetyl-CoA. It is therefore less likely that formate is produced in the C 1 -CO dehydrogenase pathway by A. fulgidus strain Z.
Based on the stoichiometries measured at 0.6 to 14 mM sulfate, including the formation of formate and the genomic sequence observations, we suggest that the incomplete oxidation of lactate by A. fulgidus strain Z involves the following set of reactions (Fig. 5 and 
The ⌬G 0Ј is Ϫ69.3 kJ/mol lactate. The overall stoichiometry is explained by an initial oxidation of lactate to pyruvate, as previously suggested for A. fulgidus strain VC-16 by Möller-Zinkhan and Thauer (21) . Pyruvate might then be dissimilated to formate and acetyl-CoA in a reaction catalyzed by PFL. This result would be the first indication that a PFL-like enzyme is active in A. fulgidus. In contrast, during the complete oxidation of lactate by A. fulgidus strain VC-16, pyruvate is oxidized to CO 2 and acetyl-CoA by the enzyme pyruvate ferredoxin oxidoreductase (19, 29) . The gene for pyruvate ferredoxin oxidoreductase has also been identified in A. fulgidus strain VC-16 (18) . About 75% of the acetyl-CoA produced during pyruvate fermentation might then be completely oxidized to CO 2 through the C 1 -CO dehydrogenase pathway (21) , whereas the rest is converted to acetate, in a reaction probably catalyzed by the ADP-forming acetylCoA synthetase (19) . Definitive proof that the suggested enzymes are indeed present in A. fulgidus strain Z requires their detection in crude extracts.
Lactate oxidation at low sulfate concentrations. When A. fulgidus was grown at a sulfate concentration of 0.3 mM, the stoichiometry of the sulfate reduction reaction changed markedly (Table 2) . At the low sulfate concentration, 0.6 mol of sulfate was reduced for each 1 mol of lactate oxidized, in contrast with the results obtained with high sulfate concentrations, where 1 mol of sulfate was reduced per mol of lactate. Also, three times more acetate was produced at low sulfate concentrations, whereas only one-half as much formate was formed. The reaction stoichiometry at a low sulfate concentration can be explained by following oxidation pathways (Fig. 5 and Table 3 ):
The ⌬G 0Ј is Ϫ53.8 kJ/mol lactate. From the overall stoichiometry we inferred that only 1 mol HCO 3 Ϫ was produced per mol lactate, compared to 1.5 mol HCO 3 Ϫ at high sulfate concentrations ( Table 2 ). This means that less carbon was completely oxidized at low sulfate concentrations and that a larger portion was converted to acetate. The only way that this stoichiometry could fit the reactions was by assuming that formate is oxidized by A. fulgidus strain Z. Both A. fulgidus strain Z and strain VC-16 can grow on formate in the presence of thiosulfate, but only A. fulgidus strain VC-16 has previously been shown to grow with formate and sulfate (32) . It is possible that A. fulgidus strain Z oxidizes formate only at low levels of sulfate. When there is no sulfate present in the medium, A. fulgidus stops growing (32) .
An alternative explanation for our observations is that at low sulfate concentrations A. fulgidus could express a pyruvate ferredoxin oxidoreductase-type enzyme, which oxidizes pyruvate to CO 2 and acetyl-CoA. Thus, less formate would be produced compared to the level measured at high sulfate concentrations. The stoichiometry for this oxidation pathway, however, does not fit the measured data as too much acetate would be produced.
Free energy calculations showed that the cells did not gain energy by changing the metabolic pathway at low sulfate concentrations (Table 3) . At a sulfate concentration of 300 M the ⌬G is Ϫ37.0 kJ/mol lactate for the reaction stoichiometry at high sulfate concentrations (equation 15) (Table 3) compared to the Ϫ30.1 kJ/mol lactate calculated from the reaction stoichiometry measured at low sulfate concentrations (equation 19) (Table 3) . Instead, the shift in carbon metabolism at low levels of sulfate indicates that A. fulgidus is affected by the supply of sulfate to the cell at sulfate concentrations below 600 M.
Growth yield. The maximum growth yield during lactate oxidation by A. fulgidus strain Z was 2.8 g (dry weight) cells formed per mol sulfate ( Fig. 2A) . This value is lower than the values obtained for other sulfate reducers oxidizing various organic substrates or H 2 , where growth yields between 4 and 17 g are typically found (23) . The relatively low growth yield found for A. fulgidus in this study might have resulted from the lactate-limiting growth conditions in the chemostat. At sulfate concentrations below 1.3 mM the growth yield decreased with decreasing sulfate concentration, and only 1.4 g (dry weight) cells per mol sulfate was formed with 300 M sulfate. We used a Michaelis-Menten relationship to describe the correlation between growth yield and sulfate concentration, which yielded a K m for the growth yield of 0.40 mM sulfate and a maximum growth yield of 2.95 g (dry weight) cells per mol sulfate. This observation also demonstrates that the growth yield is limited by the sulfate supply at sulfate concentrations below 600 M. Similarly, the carbon fraction assimilated into the cell decreased with decreasing sulfate concentration. At sulfate concentrations of Ͼ0.6 mM up to 9% of the lactate consumed during sulfate reduction was assimilated as carbon into the cell material (Fig. 2B) . This fraction is similar to the fraction found in other sulfate reducers, which assimilate about 9 to 11% carbon per mol substrate (23) . However, at sulfate concentrations below 0.6 mM, only about 1% carbon was assimilated. In contrast, it seemed that the specific rate of sulfate reduction increased at low sulfate concentrations (Fig. 1) . This indicates that at low sulfate concentrations the cells used less of the energy gained from the metabolism for growth and more of the energy for maintaining the cell activities.
Overall, the energy gained during sulfate reduction is used for four major activities in the cell, (i) maintenance of cellular components, (ii) carbon metabolism and growth, (iii) transport in and out of cell, and (iv) sulfate reduction, in which ATP activates sulfate to form adenosine-5Ј-phosphosulfate (APS), which is reduced to sulfide. In the discussion below we assume that the energy used to maintain the cell components is the same at both high and low sulfate concentrations. The growth yield data show that less energy was used for growth at low sulfate concentrations (Fig. 2) . This can be explained in part by the reduced energy yield at low sulfate concentrations. However, an increased energy demand to transport sulfate into the cell (a shift of energy from growth to uptake of sulfate) can explain the reduced growth yields at low sulfate concentrations and probably also the higher specific rates of sulfate reduction.
For several sulfate-reducing organisms it has been shown that sulfate is transported into the cell together with two protons or sodium ions (6) . However, at sulfate-limiting concentrations sulfate accumulates in the cell by an electrogenic mechanism using three protons or sodium ions per sulfate. The increased energy requirement for sulfate transport can be estimated by assuming that three protons are consumed per ATP formed by ATPase (6) . An electro-neutral uptake using two protons would correspond to consumption of 2/3 ATP per sulfate transported into the cell, whereas an electrogenic uptake using three protons corresponds to consumption of 1 ATP. The cell therefore uses 1/3 ATP more per sulfate at low sulfate concentrations than at high sulfate concentrations. This is costly for the cell in view of the low energy yield obtained during sulfate reduction and in view of the fact that about Ϫ44 kJ is required for production of 1 mol ATP (20) .
The increased energy demand for sulfate uptake might be the reason for the shift in the metabolic pathway at 300 M sulfate, in which less sulfate is reduced per mol lactate than in the metabolic pathway used at high sulfate concentrations. During sulfate reduction, the activation of sulfate is associated with consumption of 2 ATP/SO 4 2Ϫ (22, 23) . Thus, when the cell needs about 1/3 ATP more for sulfate uptake at 300 M sulfate, it can partially compensate for this loss by shifting its metabolic pathway (from equation 15 to equation 19) and thereby use less sulfate (3/8 mol less sulfate and 3/4 mol less ATP) per mol of lactate during lactate oxidation. Furthermore, the cell uses less energy for growth and increases the specific sulfate reduction rate. Thus, the cell gains enough energy to maintain the cell activities, although the sulfate concentration is low.
Sulfur isotope fractionation at different sulfate concentrations. A preliminary analysis of the isotope data was reported by Habicht et al. (11) , who pointed out that isotope fractionation during sulfate reduction by A. fulgidus is independent of sulfate at concentrations above 2 mM (Fig. 3) . Under these conditions A. fulgidus expressed a maximum isotope fractionation of 26‰. This fractionation value is similar to values obtained for bacterial sulfate reducers growing at high sulfate concentrations. Overall, sulfate reducers in pure cultures express fractionations ranging from 2 to 46‰ (average, 18‰) (8, 12) , and for natural sulfate-reducing populations the values range from 16 to 43‰ (average, 28‰) (1, 3, 9, 10) .
The fractionation during sulfate reduction by A. fulgidus decreased as the sulfate concentration dropped below 2 mM (Fig. 3) . At a sulfate concentration of 300 M the fractionation was only about one-half the maximum fractionation (26‰). At this concentration, A. fulgidus likely is limited by the sulfate supply, as demonstrated by the stoichiometric calculations. We previously found that natural populations of sulfate reducers from both marine and freshwater sediments express fractionations of up to 32‰ at sulfate concentrations down to 200 M (11). At sulfate concentrations of less than 50 M, however, the average fractionation for the natural population was not more than 0.7‰ Ϯ 5.2‰. Thus, for A. fulgidus and for natural populations of sulfate reducers, sulfate limits isotope fractionation at concentrations around 50 to 300 M.
Similar to the growth yield, it is possible to express the correlation between fractionation and sulfate by use of a modified Michaelis-Menten equation: ε ϭ ε max S S ϩ K m-frac (20) where ε (‰) is the fractionation at sulfate concentration S (mM), ε max is the maximum isotope fractionation, and K m-frac (mM) is the half-saturation constant expressing the sulfate concentration at one-half of the maximum isotope fractionation. Using linear regression of the correlation between 1/fractionation and 1/sulfate, we obtained a maximum fractionation of 25.5‰ and a K m-frac of 363 M (Fig. 3) . Using equation 20 it is also possible to calculate the limiting sulfate concentration for the isotope fractionation (Ͻ5‰), which for A. fulgidus is 88 M. This value is in the concentration range found for natural populations of sulfate-reducing bacteria (11). The K m values for both the growth yield and the isotope fractionation (K m-frac ) were about 400 M. In contrast, the K m for the sulfate reduction rate probably is less than 300 M as there was no decrease in the sulfate reduction rate at sulfate concentrations down to 300 M (Fig. 1) . The exact K m for the sulfate reduction rate for A. fulgidus is not known. For comparison, K m values for cultured sulfate-reducing strains are between 3 and 68 M for freshwater strains and between 77 and 200 M for marine strains (7, 15, 16, 22, 27) .
Overall, isotope fractionation occurs as sulfate is reduced in a number of enzymatic steps to sulfide. Theoretically, a maximum fractionation of 45 to 50‰ can occur during sulfate reduction (2) . However, such large fractionations can occur only when all the reversible steps during sulfate reduction, 3776 HABICHT ET AL. APPL. ENVIRON. MICROBIOL.
on October 15, 2017 by guest http://aem.asm.org/ including the uptake of sulfate into the cell (step 1), the activation of sulfate with ATP to form APS (step 2), and the reduction of APS to SO 3 2Ϫ (step 3), are near exchange equilibrium. Thus, the irreversible reduction of SO 3 2Ϫ to H 2 S (step 4) is the rate-limiting step and probably the main step that determines the final fractionation (2) . At limiting sulfate concentrations less sulfate is exchanged back out the cell and the equilibrium is shifted toward sulfate uptake. Possible active sulfate uptake probably further reduces the amount of sulfate exchanged back out the cell and thereby enhances the reduction in the isotope fractionation but not necessarily the specific sulfate reduction rate.
Therefore, when the normal sulfate uptake mechanism in A. fulgidus becomes limited by sulfate at concentration between 0.6 mM and 1.3 mM, the cell probably actively starts to pump sulfate into the cell. This reduces the free exchange of sulfate in and out of the cell and thus also the isotope fractionation during sulfate reduction. The energy used for the active sulfate uptake reduces the growth yield, and to maintain energy for growth the specific sulfate reduction rate increases. At sulfate concentrations below 0.6 mM the cell shifts the metabolic pathway to a reaction that uses less sulfate per mole of organic substrate than is used at high sulfate concentrations. Only at very low sulfate concentrations (below 300 M) does the sulfate reduction rate decrease with decreasing sulfate concentrations.
